Abstract: Several deep-sea marine invertebrates were collected from hydrothermal vents, seamounts and cold coral assemblages in the North Atlantic Ocean, near the Azores islands. The effect of their lipid crude extracts against two strains of malaria parasite P. falciparum (Dd2 and 3D7) was measured in vitro in order to establish the potential of these invertebrates as new sources for antimalarial compounds. Extracts that presented higher antimalarial activity potential were gorgonian Callogorgia verticillata and the hydrothermal vent shrimp Mirocaris fortunata, presenting the lowest value of IC50 and the highest selectivity index for both evaluated stains. To our knowledge this is the first report on the antimalarial activity of crude lipid extracts considering species collected at depths higher then 100 m.
Introduction
Only in Africa, malaria kills about two million every year, and is the leading cause of illness and death among children and pregnant women in many Sub-Saharan African countries (1) . Several studies about therapeutic response showed that with the rise of chloroquine resistance, chloroquine efficacy fallen from nearly 100% to less than 25% in some endemic areas, resulting in an increase morbidity and mortality caused by malaria infection (1) . Chloroquine (CQ) resistance in Plasmodium falciparum was first noticed in the late 1950s in non-immune migrant workers in hyperendemic areas along the Thai-Cambodian border, and was followed by resistance in at least three further geographically separate regions: two in Africa and one in Brazil (2) . This marked the beginning of an era of rapid evolution from mono-to multi-drug resistant parasites and within 20 years CQ resistance has spread to most of the world (2) . By now it is of common understanding that drug resistance in parasites establishes rapidly, disseminates widely, it is a persistent global health threat and represents the major problem for the success of the malaria control programs, justifying the urgency in developing new drugs. To resolve the emergency of finding new alternatives for the malaria therapeutic it is of great interest that the search of the antimalarial properties focuses especially on the erythrocytic stages of the parasite life cycle.
New compounds, from unexpected sources can hold the key to fight against this resistance and several studies on marine lipid compounds as antimalarial agents have already shown promising results (3, 4, 5, 6 ). Tasdemir and collaborators (7) showed that lipid crude extracts of sponge Agelas oroides were good inhibitors (IC50 of 0.35 µg/ml) for P. falciparum FA synthase, an important enzyme for the parasite fatty acids production (source of energy and building blocks to integrate in cell membranes). This finding was particularly interesting since this particular type II FA (FASII) system is absent in humans, presenting thus low cytotoxicity on mammalian cells (4), one of the most important pharmaceutical profile to search in a drug formulation.
Nevertheless, the research on marine bioactive natural products, when compared to plant natural products is still in its infancy. Only in December of 2004, the first marine-derived compound was approved in the United States: the Ziconotide (Prialt; Elan Pharmaceuticals), a peptide originally discovered in a tropical cone snail, used for the treatment of pain (8) . One of the biggest challenges is the research itself, as the marine animals are not as easily accessed as the terrestrial animals and plants. Specially deep-sea animals which requires the use of submersibles and/or remotely operated vehicles (ROVs), faces even greater difficulties as only a few scientific institutions worldwide have the capacity to access those depths (9) . To our knowledge this is the first study to evaluate the antimalarial activity of deep-sea marine invertebrates collected in the Atlantic. Azores is a region in the northeast near the Mid-Atlantic Ridge, particularly interesting as it hosts a great diversity of deep-sea environments, with numerous hydrothermal vents, seamount ecosystems, sponge aggregations and cold water coral assemblages.
Results and Discussion
Total lipids were extracted from eight invertebrate species (Figure 1) (both common components of deep-sea communities in the Azores waters). From these animals, eleven crude extracts for total lipids were obtained, with quantities ranging from 56 to 319 mg. All extracts were standardized to have an initial concentration of 10 mg/ml in DMSO (dimethyl sulfoxide) as stock solutions for antimalarial essays. To ensure total extract dissolution in DMSO, a sonication bath with warm water was used previously to preparation of concentrations series with dilutions in RPMI medium. Hydrothermal vent mussels are known for harboring chemosynthetic symbiotic bacteria that allows them to live in those environments (10) . To test the hypothesis if tissues harboring symbiotic bacteria would present different results in terms of P. falciparum inhibition than tissues without bacteria, all mussels were also dissected in gills (tissues that contain symbiotic bacteria), muscle and digestive glands and extracted individually. From the pharmacologic point of view, the parameter considered to report the activity in terms of parasite inhibition is the concentration of an inhibitory agonist that reduces a response by 50% of maximal inhibition that can be attained, the IC50 (11). Antimalarial activity was evaluated using the WHO microtest methodology and IC50s were determined using GraphPad Prism 5 software (Table 1) .
In this study, crude extracts that were considered the most promising were the ones with both low IC50 for the antiplasmodial activity, high IC50 for the citotoxity essay and high values for the selectivity index. The hydrothermal shrimp and gorgonia Callogorgia verticillata were the crude extracts that fulfilled these requirements for both strains, with selectivity index of 6.72 and 6.10 for strain 3D7 and 6.58 and 5.77 for dD2, respectively (see Table 1) . Surprisingly, the most active extracts were not the sponges, already described in other studies as having antimalarial compounds (3, 7) but an animal with hydrothermal origin and a deep-sea gorgonia coral. To our knowledge this is the first report on the antimalarial activity from deep-sea hydrothermal vent species. The vent mussel B. azoricus, that on previous studies presented antibacterial activity (12) and anticancer activity (13) does not show as promising antimalarial activity as others tested animals. However, the gills from the mussel, that host 2 types of symbiotic bacteria (14) presents a fair low IC50 value (59.7 and 71.8 µg/ml). This indicates that the origin for the antiplamodial activity exhibited by B. azoricus might be from the symbionts and not exactly from the mussel tissue (with IC50 158 µg/ml for 3D7 and 156 µg/ml for Dd2). Considering the antimalarial potential of hydrothermal vent animals, the mussel gill presents a lower value of SI then the shrimp (although IC50 is lower). The IC50 calculated for lipid extracts evaluated in this study range from 44 to 158 µg/ml. Tasdemir and collaborators (7) refers to IC50 from crude extracts of Agelas oroides sponge against P. falciparum (in vitro essays) ranging from 3.9 to less then 50 µg/ ml. Although with high IC50 values, the tested extracts are lipid crude extract and not isolated compounds that usually refer to having lower IC50 values (7) .
This work intends to provide the first insights on antimalarial potentials for deep-sea invertebrate lipid extracts. Lipids are known as bringing advantages in terms of pharmaceutical drug formulation, as these compounds are highly permeable in cells, a desirable 'drug-like' property for a compound (15) . Next steps will be purification and isolation of active compounds in most promising extracts and in vivo activity assessment for compounds in order to draw conclusions on the potential usages of these marine extracts as new sources for antimalarial molecules.
Experimental Section

Sample collection and extractions
A total of eleven specimens from eight species were collected between summer of 2010 and winter 2011 in Azores island region. Hydrothermal vent samples (mussel, shrimp and bristle worm) were collected using ROV Victor 6000 onboard R/V "Porquoi Pas?" in Lucky Strike, at about 1700 m. Specimens were immediately frozen using liquid nitrogen and kept at -80ºC until being extracted. Mussels were separated in tissues -gills, digestive glands and muscle rests in a cold chamber onboard at 10ºC to prevent chemical and biochemical alterations in tissues and frozen in pools using the same procedure. Sponges and corals, from depths between about 100 to 400 meters were collected accidentally (fisheries bycatch) during the annual longline surveys conducted off Azores islands onboard R/V "Arquipélago". Samples were frozen immediately after being capture and were kept at -20ºC until further analysis. Total lipids were extracted using a modified Bligh and Dyer method in lyophilized samples previously reduced to powder. The extraction methodology is described in detail elsewhere (16) . Crude extracts of total lipids were obtained with quantities varying between 56 to 319 mg.
3.2 Biological assay: antimalarial testings 3.2.1. Evaluation of antimalarial activity using WHO microtest methodology Human malaria parasites were cultured as described by Trager and Jensen (17) . The antimalarial activity of the compounds was determined according WHO microtest methodology (MARK III methodology). Briefly, stock solutions (10 mg/mL) for each extract were prepared in DMSO, and were diluted in medium to give a series of concentrations ranging from 15.625 µg/mL to 1000 µg/mL. Ninety microliters of each testing concentration, together with 10 µL of synchronized parasite cultures at ring stage with 0.6 % parasitaemia and 5% of hematocrit were distributed in duplicate, into each of the 96-well plates. Plates were incubated for 24 -30 h at 37 ºC depending on the developmental stage of the trophozoites in the control well (parasite culture without extracts). After incubation, a series of thick films was prepared corresponding to each studied concentration. The thick films were stained with Giemsa stain. Post culture blood slides were examined by optical microscopy and the counts were read as the number of schizonts with three or more nuclei out of a total of 200 asexual parasites. The IC50 of individual samples for each extract was determined as the concentration that inhibited 50% of parasite development relatively to the control (freedrug). The obtained data were analyzed by nonlinear regression analysis, GraphPad Prism 5 software was used for this purpose. The IC50 values are expressed as means ± SD from two independent experiments. 
Conclusions
Marine crude extracts presented good inhibition percentages for P. falciparum strains tested (3D7 and Dd2). Due to the high spread of multi-drug resistant parasites worldwide, this results lead us to consider that more in vivo studies and further investigations should be address especially on parasite effect on Dd2 strain (Chloroquine resistance). The highest antimalarial activity obtained was for hydrothermal vent shrimp extract Mirocaris fortunata, with IC50 of 76.64 ± 6.33 µg/ml for Dd2 and 78.3 ± 1.79 µg/ml for 3D7 and deep-sea gorgonian coral Callogorgia verticillata with IC50 of 44.0 ± 6.1 mg/ml for Dd2 and 46.6 ± 7.64mg/ml for 3D7).
